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Introduction
Macroautophagy (hereafter called autophagy) is a form of cellular self-cannibalism in which organelles and proteins are degraded into simple components, such as the degradation of proteins to amino acids and nucleic acids to nucleotides. In autophagy, the recycling and reuse of macromolecules plays a critical role in maintaining cellular energy levels and promoting cell survival [1] . Autophagy operates at a low basal level under physiological conditions; however, it plays important roles in the adaptation of cells to the external environment [2] . Autophagy can be activated by strong extracellular stimuli such as starvation, viral infections, ischemia and hypoxia [3] ; however, excessive activation of the autophagic pathway results in the attack and phagocytosis of normal organelles leading to autophagic cell death (also called type II cell death) [4] . Autophagic cell death lacks the classic features of apoptosis such as nuclear pyknosis and chromosome aggregation, and is characterized by the formation of specific single-or double-membrane structures such as phagophores, autophagic vacuoles and autolysosomes [5] .
Microtubule-associated protein 1 light chain 3 (LC3), a mammalian homologue of the yeast ATG8 gene (Aut7/Apg8), is located on the surface of pre-autophagic vacuoles and the autophagic vacuole membrane. LC3 is a universal marker of autophagosomes because it does not bind to other vesicular structures [6] . LC3 exists in two forms: LC3I (cytosol) and LC3II (membrane bound). LC3 precursors (ProLC3) are proteolytically processed to form LC3I, which is converted to LC3II by sumoylation [7] . In addition, the level of LC3-II therefore reflects autophagic activity in cells to some extent [8] .
Beclin-1, a mammalian protein involved in autophagy, is an orthologue of the yeast autophagy protein Apg6/Vps30. Although Beclin-1 is not directly involved in autophagic vacuole formation, the upregulation of Beclin-1 expression activates autophagy [7, 8] . Beclin-1 contains a conserved Bcl-2 homology 3 (BH3) domain similar to that of the Bcl-2 family of proteins; therefore, it is considered as a novel BH3-only member of the Bcl-2 protein family [9] . Beclin-1 can stably bind to other Bcl-2 family members via a hydrophobic groove on the BH3 domain, thereby mediating cellular physiological functions [9, 10] . Under normal physiological conditions, anti-apoptotic Bcl-2 proteins can stably bind to other proapoptotic proteins, thereby maintaining cellular homeostasis [11, 12] . Acute starvation induces phosphorylation of Bcl-2 at specific serine and threonine residues, resulting in its inactivation and dissociation from Beclin-1, which activates autophagy [13] .
As members of the mitochondrial pathway of apoptosis, a classical apoptotic pathway, the activity of the Bcl-2-family proteins is often mediated by their upstream protein kinase, C-Jun N-terminal kinase (JNK) [14] . JNK is a type of serine/threonine kinase that belongs to the third mitogen-activated protein kinase (MAPK) family identified in mammals [15] . In our previous study, we showed that spinal cord ischemia-reperfusion injury activates JNK, resulting in the activation of the anti-apoptotic proteins of the Bcl-2 family and the induction of apoptosis of spinal neurocytes [16] . However, the involvement of the JNK signaling pathway in the regulation of neuronal viability by autophagy remains unclear. In current study, we characterized the mechanisms and function of autophagy in neurons following the Oxygen-glucose-deprivation/ reoxygenation.
Materials and Methods

Culture and identification of primary rat cortical neurons
Primary cortical neuronal cultures were prepared from embryonic 18-d-old fetal Sprague-Dawley rats using a method described previously [17] . Briefly, cerebral cortices were removed from 18-d-old embryonic rat fetuses under aseptic conditions, and dissociated using trypsin/DNase I for 20 min. Neurons were seeded at a density of 5 × 10 5 cells/cm 2 in 12-well culture plates pre-coated with poly-L-lysine, and maintained in fresh Neurobasal media containing 2% B27, 1% glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin. One half of the medium was changed every 3 days. After 7 days of cell culture in vitro, Fan et 
Groups
All experiments were performed on cortical neuronal cultures 7 days after initial plating. The OGD/R model was established as described previously [18] . The cortical neurons were randomly assigned to one of four groups: Control group, Experimental group (OGD/R group), JNK inhibitor treatment group, and JNK inhibitor pretreatment + OGD/R group. The neurons in the blank control group were cultured in glucosecontaining Dulbecco's modified Eagle's medium (DMEM) at 37°C in an incubator containing 5% CO 2 . In the experimental group, the neurons were washed with glucose-free phosphate buffered saline (PBS) to remove the primary medium, and then incubated in 2 ml of glucose-free DMEM. Cells were placed in an anaerobic chamber aerated with an aerobic gas mix (95% N 2 and 5% CO 2 ) at 37°C for 30 min to reduce the oxygen content to less than 1%. The chamber was sealed, and the medium was replaced with glucose-containing DMEM. The neurons were immediately transferred to an incubator containing 5% CO 2 and cultured for 0.5 h, 2 h, 6 h and 12 h at 37°C. Cells in the JNK inhibitor treatment group were maintained in glucose-containing DMEM in an incubator containing 5% CO 2 at 37°C. When the neurons reached maturity, the medium was supplemented with 10μmol/L SP600125 (Sigma-Aldrich, St. Louis, MO, USA) dissolved in dimethyl sulfoxide (DMSO). After 0.5 h, the medium was replaced with normal DMEM for a further culture of 0.5, 2, 6 and 12 h. In the JNK inhibitor pretreatment + OGD/R group, the neurons were maintained in medium supplemented with 10 μmol/L SP600125 dissolved in DMSO 0.5 h prior to the OGD/R [19] ; experimental procedures and subgrouping were performed as described for the experimental group.
Neuronal viability assessment by the 3-(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyl tetrazolium bromide (MTT) assay
Neuronal viability was assessed by measuring the activity of mitochondrial dehydrogenase (MDH) using the MTT assay (Gibco; Gaithersburg, MD, USA). Survival of neurons in the blank control group was defined as 100% and the results were expressed as percentage relative to the control values [20] .
Western blot analysis
Cultured neurons were harvested, lysed with RIPA lysis buffer (Beyotime Institute of Biotechnology, Songjiang, Shanghai, China), and protein was extracted. Protein concentration was determined using the Bradford method. Equal amounts of protein were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). PVDF membranes were incubated with the corresponding primary antibodies at 4°C overnight, and then with horseradish peroxidase (HRP)-conjugated secondary antibodies (Beyotime Institute of Biotechnology, Songjiang, Shanghai, China) at 37°C for 2 h. Reacting bands were visualized using enhanced chemiluminescence (ECL) reagents (Beyotime Institute of Biotechnology; Songjiang, Shanghai, China), and the density of the protein bands was quantified using the software Quantity One.
Immunofluorescence assay
Neurons were cultured for the indicated times, the medium was removed and cells were washed twice with pre-cooled PBS, fixed in 4% paraformaldehyde for 15 min, and then washed twice with PBS. Neurons were then permeabilized with 0.1% Triton-X 100 for 30 min, washed twice with PBS, blocked in blocking buffer containing 2% skimmed milk at room temperature for 1 h, and washed twice with PBS. Neurons were incubated in primary antibody diluted with blocking buffer at 4°C overnight. On the following day, cells were washed three times with PBS, and then incubated in Cy3-or FITC-conjugated secondary antibodies (Beyotime Institute of Biotechnology, Songjiang, Shanghai, China) at room temperature in the dark for 2 h. Subsequently, the neurons were washed three times with PBS, dehydrated through a 50%, 70%, 95%, and 100% ethanol graded series, treated with fluorescence mounting medium, and overlapped on anhydrous ethanol-treated slides. The slides were dried in room air, and visualized under a fluorescence microscope.
Beclin-1/Bcl-2 co-immunoprecipitation assay
The neurons in each group were lysed and centrifuged, and a 500-μg aliquot of each supernatant was treated with 3 μl of anti-Bcl-2 antibody (Abcam; Cambridge, UK) and shaken gently at 4°C overnight, then San Diego, CA, USA). Samples were centrifuged at 4000 revs/min at 4°C for 3 min and the supernatant was removed. The neurons were washed three times, treated with 6 μl of loading buffer and boiled for 5 min. The supernatants were analyzed by protein electrophoresis. The determination of Bcl-2 and Beclin-1 concentrations was performed as described in Western blot analysis.
Statistical analysis
All data were expressed as mean ± standard deviation (SD), and all experiments were repeated independently three times. Student's t-test or one-way analysis of variance (ANOVA) was used to analyze differences between groups. A P-value < 0.05 was considered statistically significant.
Results
Identification of cortical neurons
Cultured cells isolated from Sprague-Dawley rats stained positive for MAP-2 by immunofluorescence, confirming their identity as cortical neurons with a purity > 90% ( 
Neuronal viability assessment by the MTT assay
Neuronal viability was slightly lower in the JNK inhibitor treated group than in the blank control group, reflecting the effect of the JNK inhibitor on neurons (P > 0.05). Neuronal viability showed a tendency to decrease gradually with increasing reoxygenation time in the experimental group and the JNK inhibitor pretreatment + OGD/R group, with a more notable reduction in the experimental group (P < 0.05). Neuronal viability decreased significantly in the experimental group at 6 and 12 h of reoxygenation, with relative survival rates of 29% and 13%, respectively, while these values were 56% and 41% in the JNK inhibitor pretreatment + OGD/R group (Fig. 2) . These results indicated that OGD/R caused significant damage to neurons and pretreatment with JNK inhibitors suppressed this effect.
Electron microscopic observation
The neuronal soma was plump and showed normal morphology in the control group, with intact nuclear and plasma membranes and normal aggregation of organelles including mitochondria and endoplasmic reticulum. No damage such as fragment-like dispersion or swelling was observed. A large number of crescent-shaped or goblet-like phagophores were observed in the experimental group after 0.5 h of reoxygenation; most of them had double-or multiple-layer membrane structures and contained cytoplasmic components. After 2 h of reoxygenation, autophagosomes with double-or multiple-layer membrane structures containing cytoplasmic components or cell fractions were observed; organelles Neuronal viability showed a gradual decrease with increasing reoxygenation time in the experimental group and the inhibitor pretreatment + oxygen-glucose-deprivation/reoxygenation (OGD/R) group, and a more notable reduction was observed in the experimental group than in the JNK inhibitor pretreatment + OGD/R group (# P < 0.05, experimental group vs. blank control group, and JNK inhibitor pretreatment + OGD/R group vs. JNK inhibitor treatment group; * P < 0.05, JNK inhibitor pretreatment + OGD/R group vs. experimental group). Hydrolyzation of the contents of autolysosomes resulted in the appearance of vacuoles, and a large number of new autophagosomes containing mitochondria, endoplasmic reticulum and ribosomes were observed. The neuronal soma was not plump in the JNK inhibitor treatment group and the nuclear membrane and plasma membrane showed slight shrinking; however, no cellular damage was observed. The appearance of autophagosomes and autolysosomes was correlated with reoxygenation time in the JNK inhibitor pretreatment + OGD/R group, although with significantly lower numbers than in the experimental group. These results indicated that neuronal viability declined and increased with reoxygenation time in the experimental group, and autophagosome formation decreased with increasing reoxygenation time in the JNK inhibitor treatment group. 
(b) and 2h of reoxygenation (c). LC3 expression decreased slightly at 6h (d) and increased rapidly at 12h (e). LC3 expression was almost undetectable in the JNK inhibitor treatment group (f).
The amount of granular LC3 increased significantly at 0.5 (g) and 2h of reoxygenation (h) in the JNK inhibitor pretreatment + OGD/R group, and decreased at 6 (i) and 12 h (j). (B) and (C) Western blot analysis showed that LC3II expression followed an increase/decrease pattern in the experimental group and the JNK inhibitor pretreatment + OGD/R group at 0.5, 2 and 6h of reoxygenation and was higher in the JNK inhibitor pretreatment + OGD/R group. LC3II expression showed a rapid increase at 12 h of reoxygenation in the experimental group, whereas it remained low in the JNK inhibitor pretreatment + OGD/R group (# P < 0.05, experimental group vs. control group, and JNK inhibitor pretreatment + OGD/R group vs. JNK inhibitor treatment group; * P < 0.05, JNK inhibitor pretreatment + OGD/R group vs. experimental group) (*200).
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Immunofluorescence and western blot detection of LC3 expression LC3 plays an important role in the formation of autophagic vacuoles, and LC3II specifically localizes to the double-layer membrane of the autophagosome. Therefore, immunofluorescence detection of LC3 was used to verify autophagosome formation. LC3 expression was barely detectable in the blank control and JNK inhibitor treatment groups. In the experimental group, LC3 positive neurons increased gradually at 0.5 h and 2 h, and decreased at 6 h, 12 h of reoxygenation. The JNK inhibitor pretreatment + OGD/R group showed a similar pattern of increase-decrease of LC3 expression at 0.5, 2 and 6 h of reoxygenation, with a more intense staining pattern than that of the experimental group; however, unlike the experimental group, the number of LC3 positive neurons increased in this group at 12 h of reoxygenation. Western blot analysis confirmed the increase-decrease pattern of LC3II expression in the experimental group and the JNK inhibitor pretreatment + OGD/R group at 0.5, 2 and 6 h of reoxygenation, as well as the higher level of expression in the JNK inhibitor pretreatment + OGD/R group. LC3II expression increased rapidly at 12 h in the experimental group whereas it decreased in the JNK inhibitor treatment group. LC3 expression as a marker of autophagosome formation confirmed the electron microscopic findings showing that autophagosome formation decreased and increased with reoxygenation time in the experimental group and autophagosome formation was reduced in the JNK inhibitor pretreatment + OGD/R group. Western blot analysis showed a gradual increase in Beclin-1 expression in the experimental group, which was suppressed by the JNK inhibitor until after 12 h of reoxygenation (P < 0.05) (# P < 0.05, experimental group vs. control group, and JNK inhibitor pretreatment + OGD/R group vs. JNK inhibitor treatment group; * P < 0.05, JNK inhibitor pretreatment + OGD/R group vs. experimental group) (*200).
Immunofluorescence and western blot detection of Beclin-1 expression
Beclin-1 plays an important role in autophagosome formation and it is therefore considered as a marker for the activation of autophagosomes. Immunofluorescence analysis showed a gradual increase in the number of Beclin-1 positive neurons and staining intensity in correlation with reoxygenation time in the experimental group. However, in the JNK inhibitor pretreatment + OGD/R group, Beclin-1 expression did not increase until after 12 h of reoxygenation. Western blot analysis confirmed that Beclin-1 expression increased gradually in the experimental group, and this increase was suppressed by JNK inhibitor treatment, with the inhibitory effect decreasing gradually until 12 h of reoxygenation (P < 0.05).
Determination of JNK activity and Bcl-2 expression
JNK is a cytoplasmic serine/threonine protein kinase that is activated by extracellular stress factors and phosphorylated at Thr 83 and Tyr 85, triggering the downstream phosphorylation of Bcl-2. Therefore, we analyzed the expression of phosphorylated JNK (Thr 83/Tyr 85) and Bcl-2 (ser70). Our results showed that the level of phosphorylated JNK increased gradually with reoxygenation time in the experimental group, and this effect was suppressed in the JNK inhibitor pretreatment + OGD/R group, which showed a slight increase in phosphorylated JNK at 12 h of reoxygenation (P < 0.05). In a similar pattern, the level of phosphorylated Bcl-2 (ser70) increased gradually in the experimental group and showed a slight increase in the JNK inhibitor pretreatment + OGD/R group after 12 h of reoxygenation (P < 0.05). These results indicated that JNK and Bcl-2 were activated in the experimental Fig. 6 . Western blot analysis showed a gradual increase in the level of phosphorylated JNK with increasing reoxygenation time in the experimental group, which is suppressed in the JNK inhibitor pretreatment + oxygen-glucose-deprivation/reoxygenation (OGD/R) group until 12 h after reoxygenation (P < 0.05). In parallel with the changes in the level of phosphorylated JNK, the expression of phosphorylated Bcl-2 (ser70) increased gradually in the experimental group, whereas only a slight increase in the level of phosphorylated Bcl-2 was detected in the JNK inhibitor pretreatment + OGD/R group after 12 h of reoxygenation (P < 0.05) (# P < 0.05, experimental group vs. control group, and JNK inhibitor pretreatment + OGD/R group vs. JNK inhibitor treatment group; * P < 0.05, JNK inhibitor pretreatment + OGD/R group vs. experimental group).
Interaction between Beclin-1 and Bcl-2
Beclin-1, which contains a BH3 domain, can selectively and stably bind to the proapoptotic protein Bcl-2 via its hydrophobic groove under physiological conditions. However, Beclin-1 dissociates from Bcl-2 in response to external stimuli and regulates cellular processes including autophagosome formation. Our results showed the gradual dissociation of the Bcl-2/Beclin-1 complex during reoxygenation in the experimental group. On the other hand, a relatively stable Bcl-2/Beclin-1 complex was observed in the JNK inhibitor pretreatment + OGD/R group, with slight complex dissociation detected after 12 h of reoxygenation. These results suggested that in the experimental group, reoxygenation caused the gradual dissociation of Beclin-1 from Bcl-2 and therefore its activation, whereas in the JNK inhibitor pretreatment + OGD/R group, Beclin-1 was activated after 12 h of reoxygenation.
Discussion
Ischemia/reperfusion injury is frequently associated with neuronal damage and hypoxia is a known stimulus of autophagy [21] . The OGD/R in vitro experimental model is a widely accepted and used model for simulating in vivo ischemia/reperfusion injury. In the past few decades, the relationship between apoptosis and autophagy-related cell death had attracted increasing attention in many fields of biological science [22] . The underlying mechanism of neuronal injury during ischemia/reperfusion is thought to involve necrosis (type III cell death) and apoptosis (type I cell death). In the present study, we show that autophagic cell death (type II cell death) is involved in neuronal damage associated with ischemia/reperfusion injury. The morphology and biochemical pathways of autophagy are Beclin-1/Bcl-2 co-immunoprecipitation assay showed the gradual dissociation of the Bcl-2/Beclin-1 complex in correlation with increased reoxygenation time in the experimental group, while a relatively stable Bcl-2/Beclin-1 complex was observed in the JNK inhibitor pretreatment + oxygen-glucose-deprivation/reoxygenation (OGD/R) group, and partial dissociation was detected at 12 h of reoxygenation (P < 0.05) (# P < 0.05, experimental group vs. control group, and JNK inhibitor pretreatment + OGD/R group vs. JNK inhibitor treatment group; * P < 0.05, JNK inhibitor pretreatment + OGD/R group vs. experimental group). significantly different from those of apoptosis and necrosis; however, the activities of these three forms of cell death are related. Activation of autophagy during the early phases of injury protects cells from death and alleviates necrosis and apoptosis-induced cell damage, whereas autophagy triggered during the late phases of injury functions in association with necrosis and apoptosis to promote cell death [23] . As shown in Fig. 2 , the results of the MTT assay showed a non-linear decrease in neuronal viability in response to reoxygenation in the experimental group, with 69% of surviving neurons in the blank control group at 2h and 13% at 12 h of reoxygenation. Furthermore, mild neuronal injury was detected at the early phase of OGD/R, whereas it was severe in the late phase. In Fig. 3 , a large number of autophagic vacuoles were detected by electron microscopy at 2 and 12h of reoxygenation. In addition, as shown in Fig. 4 , western blotting and immunofluorescence showed two peaks of LC3II expression at 2 and 12h of reoxygenation. Taken together, these results suggest that autophagy is activated twice at 2 and 12h of reoxygenation and may play different roles during these two periods. Autophagy has been shown to play distinct roles during ischemia and reperfusion, having a protective function during the ischemia phase, and a role in tissue damage during the reperfusion phase [24] . Therefore, the autophagic flux activated at the initial phase of reoxygenation (0.5 and 2 h) in our study may have a protective function in neurons, while the autophagy triggered at the late phase of reoxygenation (12h) may be associated with cell death. In the current study, neuronal viability decreased slowly in the JNK inhibitor pretreatment + OGD/R group, with 41% of surviving neurons observed at 12h of reoxygenation. In addition, a significant number of autophagosomes was observed at 2h, and the autophagic flux was not present at 12h. LC3II expression increased at the initial phase of reoxygenation (0.5 and 2h), but declined at the late phase of reoxygenation (6 and 12h), suggesting that the JNK inhibitor suppressed autophagic cell death, but did not affect the formation of protective autophagosomes. The JNK inhibitor SP600125 has been shown to inhibit brain ischemia/ reperfusion-induced neuronal death in the rat hippocampus via nuclear and non-nuclear pathways [25] . Activated JNK translocates to mitochondrial membranes and modulates the pro-apoptotic activity of Bcl-2 family proteins [14] . Our previous study showed that SP600125 inhibited JNK activity, thereby inhibiting the dissociation of BAD and 14-3-3 and alleviating ischemia and reperfusion-induced spinal cord injury [16] . Unlike pro-apoptotic proteins such as BAD, the anti-apoptotic protein Bcl-2 contains all four Bcl-2 homology (BH) domains (BH1-BH4). Bcl-2 binds to pro-apoptotic proteins and forms stable complexes that reduce their pro-apoptotic effect. Although the role of Bcl-2 phosphorylation in the regulation of apoptosis remains controversial, it has been shown to reduce its anti-apoptotic effect [26] . Four phosphorylation sites have been identified within Bcl-2 including Thr56, Ser70, Thr74, and Ser87, and Ser70 phosphorylation is associated with JNK-induced apoptosis [27, 28] . JNK activation by phosphorylation significantly promotes Bcl-2 phosphorylation, enabling the release of pro-apoptotic proteins bound to Bcl-2 and promoting cell death [29] . In models of excitotoxicity and ischemia, cell death is accompanied by the activation of autophagy and the down-regulation of the anti-apoptotic protein Bcl-2, and these effects are suppressed by autophagy inhibitors, suggesting that Bcl-2 mediates apoptosis and is involved in the modulation of autophagic cell death [30] . Beclin 1 is a key regulatory protein that contains a BH3 domain and is therefore classified into the third class of Bcl-2 proteins together with other pro-apoptotic and anti-apoptotic BH3-only proteins. Beclin-1 binds to the anti-apoptotic proteins Bcl-2 or Bcl-xl through its central coiled-coil domain and its interaction with Bcl-2 inhibits acute starvation-induced autophagy [13] . In the Fig. 6 and Fig. 7 , we showed that OGD/R activates JNK, promoting the phosphorylation and activation of Bcl-2 (Ser70) and its dissociation from Beclin-1, resulting in the release of Beclin-1. Beclin-1-mediated autophagy has been shown to cause tissue damage in the heart during ischemia and reperfusion. Our findings showed that the upregulation of Beclin-1 expression promoted the formation of autophagosomes and consequently decreased neuronal viability (Fig. 5) . Increased levels of phosphorylated JNK and Bcl-2, dissociation of the Bcl-2/ Beclin-1 complex, and increased Beclin-1 expression were not observed in the JNK inhibitor Cellular Physiology and Biochemistry pretreatment + OGD/R group until 6h after reoxygenation, suggesting that the inhibition of JNK phosphorylation by SP600125 protected the activity of Bcl-2 and the integrity of the Bcl-2/Beclin-1 complex, thus reducing Beclin-1-mediated autophagic cell death. Bcl-2, however, does not inhibit the activation of autophagy under any conditions. Ischemia induces autophagy in HeLa cells overexpressing Bcl-2 and Bcl-xl [31] . Therefore, further studies are necessary to evaluate the association between Bcl-2 and autophagy. Zhang F et al. confirmed that hypoxia promoted autophagy via depressing Bcl-2 [32] . However, the present study showed that autophagic cell death is responsible for the decrease in neuronal viability at the late phase of OGD/R injury, and this process is associated with JNK activation, phosphorylation and inactivation of Bcl-2, and the dissociation of the Bcl-2/Beclin-1 complex. Our findings indicate that autophagy plays a dual role in OGD/R injury by promoting both neuronal survival and death, and the JNK/Bcl-2/Beclin-1 signaling pathway is involved in the modulation of autophagic cell death. Further studies will be aimed at investigating the mechanisms underlying autophagic cell death in animal models of ischemia-reperfusion injury. In addition, the association between the up-regulation of autophagy and the nuclear translocation of Bcl-2, and the role of posttranslational modifications of Bcl-2 in the regulation of autophagy should be addressed in future studies.
